Possibility to form three-dimensional (3D) micro-structures in silicone elastomer (polydimethylsiloxane; PDMS) doped with different photo-initiators was systematically investigated using direct laser writing with femtosecond laser pulses at different exposure conditions. Accuracy of the 3D structuring with resolution of ∼ 5 µm and a fabrication throughput of ∼ 720 µm 3 /s, which is exceeding the previously reported values by ∼ 300 × , was achieved. Practical recording velocities of ∼ 1 mm/s were used in PDMS with isopropyl-9H-thioxanthen-9-one (ISO) and thioxanthen-9-one (THIO) photo-initiators which both have absorption at around 360 nm wavelength. The 3D laser fabrication in PDMS without any photo-initiator resulting in a fully bio-compatible material has been achieved for the first time. Rates of multi-photon absorption and avalanche for the structuring of silicone are revealed: the two-photon absorption is seeding the avalanche of a radical generation for subsequent cross-linking. Direct writing enables a maskless manufacturing of molds for soft-lithography and 3D components for microfluidics as well as scaffolds for grafts in biomedical applications.
Introduction
Silicone or polydimethylsiloxane (PDMS) is an attractive material in microfluidics, micromechanics and biology for its mechanical elasticity [1] and biocompatibility [2] . It enables encapsulation of fluidic chips [3] as well as viable cells [4] , production of mechanically tunable microlenses [5, 6] and flexible scaffolds [7] . For a functional usage of PDMS in compact microdevices it is necessary, first, to precisely structure it, preferably in all three-dimensions. Then, a soft-lithography molding technique can be applied for a planar imprinting of various templates [8] for microfluidics and cell cultures.
It has been demonstrated that PDMS can be laser structured using a direct writing with appropriate photo-initiators [9, 10] and thermo-initiators [11] . However, the achieved throughput for the surface and volume structuring at ∼ 6 µm 2 /s and ∼ 12 µm 3 /s, respectively, (estimated from the reported data [9, 10]) are still far too small to meet the requirements for practical applications, especially, for bio-scaffolds, where larger volumes of micro-porous templates are required. Much higher volume throughput ∼ 8.75 × 10 6 µm 3 /s has been demonstrated in fabrication of 3D polymeric scaffolds out of Ormocore b59 [12] and micro-optical elements in SZ2080 resist [13] where a high optical quality of surfaces is required and a surface-defining laser scan is complimented with a uniform post-development exposure by a UV-lamp. So far, those structuring velocities are not demonstrated in bio-compatible photo-polymers despite the technical capabilities of scanning stages and galvano-scanners [14, 15] . This limitation should be overcome by a precise tuning of the light-matter interaction, by implementing protocols combining the movement of stages and scanners, and design of new photo-polymers.
Recently, advances in the direct laser writing (DLW) employing ultrashort pulses (10 fs to 10 ps) is proving to be an advantageous approach for a precise high resolution fabrication of Table 1 ). Absorption spectra are clipped at optical density OD = 3 (Intensity/10 3 -level). Thickness of drop cast photo-polymer was ∼1 mm.
2D and 3D structures at an increasing throughput [16] . By employing the interference or direct writing, features down to ∼100 nm in spatial resolution can be obtained. Here, we systematically studied and optimized a PDMS doping with prospective photoinitiators for the augmented fabrication throughput in terms of area and volume per time. The fabrication throughput was calculated by the following formulas for the 2D and 3D cases, respectively: V 2D = v × dx and V 3D = v × dx × dz, where v is the laser scan velocity, dx is the distance between parallel scans in x-or y-direction (lateral), dz is the distance between parallel scans in z-direction (axial). The exposure parameters of a fs-laser irradiation were tested to reveal the importance of the multi-photon and avalanche ionization at the close-to-the-dielectricbreakdown conditions; the breakdown typically occurs at 7−10 TW/cm 2 in crystals and glasses under tight focusing [26] [27] [28] . We show that a pure PDMS without photo-initiator can be 3D structured by solely tuning the exposure conditions of laser irradiation. A fabrication resolution typical for bio-scaffolds ∼ 5 µm was used for benchmarking different photo-initiators (the quest for the highest resolution was beyond the scope of this study).
Experimental

Materials
A commercial elastomeric PDMS kit (Sylgard 184, Dow Corning) was used to prepare samples for the fs-laser structuring. The pre-polymer used for the laser-induced polymerization was made by a two step process: first, photo-initiator was dissolved in a tetrahydrofuran (THF), then, solution was added to the PDMS pre-polymer and left overnight on a magnetic stirrer. For the experiments with laser setup No. 1 (Sec. 2.2), three different photo-initiators were used: namely, thioxanthen-9-one (THIO), isopropyl-9H-thioxanthen-9-one (ISO) and 2-benzyl-2-(dimethylamino)-4'-morpholinobutyrophenone (IRG2). The concentration of THIO in PDMS was 0.2 wt %, ISO -0.2, 0.5 or 1 wt % and IRG2 -0.5 wt %. Samples for the laser structuring were prepared by drop-casting on a cover glass substrate and then heating at ≈ 100 • C temperature for 30 min to evaporate the THF solvent.
For experiments with the laser setup No. 2 (Sec. 2.2) thirteen different photo-initiators were tested:
13) thioxanthen-9-one -THIO (Sigma Aldrich).
Solubility of photo-initiators in the PDMS is summarized in Table 1 . The photo-initiators were dissolved, at first, in THF (except the TPO-L which is liquid, and was added to PDMS directly) and only then added to PDMS. Figure 1 shows typical absorption spectra of the samples: resin sandwiched between two cover glasses with the cover glass absorption subtracted.
To avoid heat modification of the samples, the mixture was left stirring overnight at the ambient conditions for the THF evaporation. Then, before the laser fabrication a heating at ≈ 90 • C for 30 min was applied for the final removal of solvent. The laser structuring experiments (setup No. 2) were performed with all the mixtures even with the ones in which photo-initiator did not dissolve completely. After laser fabrication, the samples were immersed in a methyl isobutyl ketone for ≈ 30 min to rinse the unexposed resin. Samples were inspected by a scanning electron microscopy (SEM) after applying a 10 nm conductive gold layer by sputtering.
Laser setup
We used two different fs-laser fabrication systems (see, Fig. 2(a) ) which allowed us to explore effects of pulse duration, thermal accumulation and wavelength. A more detailed description of the systems can be found elsewhere [29, 30] . The results are analyzed with a focus on the fabrication throughput and influence of photo-initiator performance rather a detailed comparison of all the used fabrication conditions. Here we list the main parameters setups.
The first setup No. 1 had a fs-laser Pharos (Light Conversion) laser operating at the 1030 nm fundamental wavelength. The second harmonic at 515 nm was used for fabrication with 300 fs pulses at a 200 kHz repetition rate. The polymerization trajectory was controlled by xy-galvanometric scanners (SCANLAB hurrySCAN II 10) and a sample positioning system Aerotech ALS130-100 (x and y-axis) and ALS130-50 (z-axis) linear motion stages ensuring the positioning resolution of 50 nm. 3DPoli software took control over a laser exposure automation of the sample [31] .
The second setup No. 2 had a Ti:Sapphire fs-laser operating at a 800 nm fundamental wavelength delivering 20 fs pulses at a 75 MHz repetition rate. The beam was scanned in x and y-directions by a galvano-mirror digital scanner (SCANLAB hurrySCAN II) controlled with SAMLight (SCAPS) software. A large scale lateral movement as well as the movement along z-axis was handled by step motors (PI Instruments).
In both systems fabrication was monitored in real time using a sample illumination setup consisting of a LED light and a CMOS camera. A cover glass was used as a substrate with prepolymer pointing downwards. This allowed the use of the immersion oil objectives for laser fabrication. The peak irradiance assuming a Gaussian intensity envelope is I p = T ×2P av f r t p S while the average intensity is I av = I p /2. The dielectric breakdown was observed at the peak intensity 
Results and discussion
The two laser setups No. 1 and 2 have different capabilities in terms of repetition rate (hence, thermal accumulation), also wavelength, and pulse duration. We benchmarked them for the fabrication throughput measure and quality of 2D and 3D structures in PDMS. The role of photo-initiator and the mechanisms of polymerization at the high irradiance were qualitatively compared. The resolution limits were not tested; we fabricated structures with resolution typical for the bio-scaffolds.
3.1. Formation of 3D structures with a 800 nm/20 fs high-repetition exposure 
A tight focusing with an objective lens of 100 × magnification and numerical aperture NA = 1.4 (with transmission T = 0.235) was used to record the test structures. Before a laser exposure, solubility of all thirteen photo-initiators in PDMS was tested at different concentrations. Samples were exposed to laser radiation using an average power of P av = 53 mW; the peak irradiance assuming a Gaussian intensity envelope then is I p = T ×2P av f r t p S ≈ 4.35 TW/cm 2 . We checked whether any polymerization can be observed with focusing inside pre-polymer at different scanning velocities v s . Only the mixtures with a visible polymerization were used in the next step: polymerization of simple 2D grids. These mixtures were: PDMS with ISO, TPO, TPO-L, IRG2, BIS2 and THIO (see Table 1 ).
Then, we investigated if a larger amount of these photo-initiators can be dissolved in PDMS. Up to 1 % of ISO, TPO and TPO-L was dissolved without apparent change of the optical transparency. These mixtures together with those doped with THIO, IRG2 and BIS2 were then investigated using laser powers up to 90 mW (I p ≈ 7.38 TW/cm 2 ) for fabrication of 2D grids; we define structures being 2D if the width of the grid log/beam is comparable with its height, hence the aspect ratio f ar = height/width ≤ 1 and structure is 3D if f ar > 1. The best structuring results were obtained using ISO, although some 2D structures fabricated with THIO and IRG2 also survived the development. However, the quality of THIO and IRG2 structures as well as used velocities (40 µm/s) for their fabrication were not promising for the practical applications. Thus, the ISO doping was chosen for the further investigation.
Grids formed out of PDMS mixed with 1% wt. ISO are shown in Fig. 3 . Structures were made of 6 layers staggered axially with separation ∆z = 0.5 µm and hatching in lateral x-and ydirections by ∆x = ∆y = 0.2 µm at laser power of P av = 64 mW (I p ≈ 5.25 TW/cm 2 ) and scanning velocity was v s = 150 µm/s (cumulative dose of the exposure D ac = E p ×N p ≈ 18 kJ/cm 2 , where number of pulses over the spot size 2w 0 is N p = 2w 0 /(v s / f r )). This very large dose indicates that photo-polymerization is not an efficient process and this is why photo-initiation has to be used.
Next, for fabrication of 3D structures we had to take into account that PDMS:ISO is in a liquid state, hence, polymerization has to start from the glass substrate to anchor the 3D structure (see, Fig. 2(b) ). As a result, formation of the 3D pattern is carried out by focusing throughout the already polymerized regions. This introduced beam distortions and change of focusing conditions which have to be addressed. We implemented two solutions: (i) different laser power was used at a different depth and (ii) an increased exposure dose of the far-outer layers by increased number of scans (Fig. 2(c)) . Results of the two strategies are shown in Fig. 4 . By increasing the exposure dose of the outer (more distant axially) layers 3D structures were retrieved with structure closer to the designed pattern (see, panels (c,d)). The largest 2D and 3D throughput using the laser setup No. 2 were 30 µm 2 /s and 20 µm 3 /s, respectively. 
Formation of 3D structures with a 515 nm/300 fs sub-1 MHz repetition exposure
With the laser setup No. 1 fully 3D microstructures were fabricated out of PDMS using two different photo-initiators (THIO and ISO) using 100 × magnification NA = 1.25 objective lens (transmission T = 0.14) as well as pure PDMS without photo-initiator. Experiments with different mixtures were performed by fabricating arrays of the same 3D structure changing the laser power and sample translation velocity. At first, only linear stages were used for sample translation. The distance between parallel scans in these structures in x and y-axis were 0.3 µm and the distance between layers in z-axis was 0.4 µm. The resolution of structuring achieved was ≈ 5 µm laterally and ≈ 3 µm axially. It is important to note, that higher resolution is possible to achieve but we used a typical resolution for the bio-scaffold fabrication in this study.
The 3D structures out of PDMS mixed with 0.2% THIO (Fig. 5(a) ) were made using sample translation velocity of up to 1 mm/s with P av = 0.68 mW (I p ≈ 1.63 TW/cm 2 , D ac ≈ 24.63 J/cm 2 ) with fabrication throughput of 120 µm 3 /s. It can be seen that shape is not recovered with high fidelity as compared to the design. PDMS tends to round off the corners of the structure. Surface tension (or surface energy) of PDMS is 20 mN/m (mJ/m 2 ) [32] [33] [34] [35] and together with cross-linking quality [36] are defining the final shape of the structure. Mechanical strength of the structures depends on the polymer crosslinking and the volume fraction [37] . An achievable resolution also depends on the surface energy of material and cross-linking reaction whose rate, α, scales as dα/dt = A exp(−E a /(RT ))(1 − α) n , where E a is the activation energy, T is the temperature, R is the gas constant, and n is the order parameter. Surface tension tends to round the sharp corners and this effect is even more exacerbated for the weaker cross-linked regions (see, Fig. 4) . Mechanisms relevant to polymerization are discussed next in Sec. 3.3.
Experiments were also performed using PDMS mixed with various quantities of ISO photoinitiator (0.2, 0.5 and 1% wt). Good quality 3D structures were made out of PDMS mixed with 0.2% and 0.5% wt ISO (Fig. 5(b) ). Using 0.5% wt ISO sample translation velocity of up to 1.5 mm/s was achieved (P av = 0.5 mW, I p ≈ 1.20 TW/cm 2 , D ac ≈ 12.07 J/cm 2 ) giving fabrication throughput of 180 µm 3 /s.
PDMS mixed with IRG2 was also used for laser structuring using multi-path scanning (which is proven to be the best for 3D structures as discussed above) with velocities of up to 30 µm/s and focusing with a dry 40 × magnification NA = 0.65 objective lens. The acquired throughput of 2D structures was ≈ 10 µm 2 /s.
Pure PDMS without a photo-initiator can be 3D polymerized using translation velocity of up to 1 mm/s with P av = 0.7 mW (I p ≈ 1.68 TW/cm 2 , D ac ≈ 25.36 J/cm 2 ) giving a fabrication throughput of 120 µm 3 /s as shown in Fig. 6 . PDMS structuring results using laser setup No. 1 are summarized in Table 2 .
It was noticed that using the same fabrication parameters the quality of the structures was considerably worse when only the stages were used for sample translation as compared to the structures fabricated using stages combined with galvano-scanners (see, Fig. 7 ). Higher fabrication throughput was also achieved in the later case (v s = 1.5 mm/s, throughput of 180 µm 3 /s with pure PDMS and 0.2% wt THIO, and v s = 6 mm/s, throughput of 720 µm 3 /s with 0.5% wt ISO).
It is noteworthy, the use of second harmonics makes perfect cancellation of the nanoseconds long pedestal of the fs-laser pulse which can affect ionization at the focus [38] . Also, the wavelength λ = 515 nm is perfectly matching the two photon absorption conditions of the THIO and ISO which have direct absorption peak at approximately 360 nm = 0.7 × λ (see, Fig. 1 ) [39] . The largest 2D and 3D throughput using the laser setup No. 1 were 1800 µm 2 /s and 720 µm 3 /s, respectively. scales linearly with an average power P av = E p f r . The best fabrication conditions (a fidelity of recovered 3D structures) scales linearly in presentation P av vs. v s (this is more clearly appreciated in a log -log presentation) indicating a linear process of polymerization. Dashed lines mark good quality structures. Table 2 . PDMS structuring with different photo-initiators using laser setup No. 1 (λ = 515 nm, t p = 300 fs, f r = 200 kHz). PI numbering is kept from Table 1 
Mechanisms of polymerization
In practical applications very different laser fabrication conditions are used: wavelength, λ , pulse duration, τ p , repetition rate, f r , peak irradiance, I p (which is important for the nonlinear absorption and refraction), and the exposure dose or a number of overlapping pulses, N p . We present here generic estimations of electron generation rates, hence, bond breaking proba- bility which facilitates a polymer cross linking. These order of magnitude estimations predict qualitatively well the thresholds of dielectric breakdown of SZ2080 resist with different photoinitiators and explain the mechanism of polymerization using fs-and ps-laser pulses [39, 40] . The multi-photon absorption and avalanche rates of electron multiplication w mpi and w imp , respectively, are given by [41] :
where n p h = J i e/(hω) + 1 is the number of photons required for direct absorption (truncated to an integer) with J i being the ionization potential of material, h Plank's constant, ω = 2πc/λ is the cyclic frequency of light of wavelength λ , e electron charge, and c speed of light. The electron quiver energy ε osc = e 2 E 2 4mω 2 with the electrical field strength defined by intensity/irradiance, I p , as E = I p /(cε 0 n), where ε 0 is the vacuum permittivity constant and n is the refractive index of the ambience (material). The electron ion interaction is governed by the electron-phonon momentum exchange rate, ν e−ph .
With the multi-photon absorption and avalanche rates estimated by Eqns. 1 and 2, it is possible to calculate the rate of free electron generation, hence, the rate of free radical creation:
= n e w imp + n a w mpi ,
where n e is free electron density (available only for the avalanche multiplication) and n a is the atom density (available only for the multi-photon ionization). Solution of Eqn. 3 is following:
n e (I, λ ,t) = n e0 + n a w mpi w imp
This equation allows to explicitly follow the ionization in time I(t) [42] ; here n e0 is the initial (dark) electron density in material ∼ 10 10 cm −3 . Let us evaluate the values of w mpi and w imp for the used polymerization of undoped PDMS which has a strong absorption at λ g 225 nm or J i = 5.5 eV (see, Fig. 1 ) considered here as the direct absorption transition. Then a 3-photon process is required n ph = 3 at the laser fabrication wavelength λ = 515 nm for the free electron generation. For the typical pulse intensity I p = 2.5 TW/cm 2 used in 2/3D fabrication: w mpi = 1.5 × 10 8 s −1 and w imp = 4.7 × 10 12 s −1 , respectively, for the focusing inside PDMS; the refractive index n = 1.4 − 1.42 (according to the manufacturer) and electron quiver energy ε osc = 4 meV. The value ν e−ph 6 × 10 14 s −1 [39] was not critically important for the estimation of mechanisms discussed here. Obviously, in the undoped PDMS w imp w mpi and this explains that sometimes a strong optical damage occurred during polymerization and a very high irradiance was required. If only a seeding of free electrons is provided from defect states and/or impurities in PDMS matrix, a strong avalanche makes a run away breakdown (see Table 1 ).
In the case of PDMS with ISO and THIO the absorption band exist at λ g = 375 nm, J i = 3.3 eV (see, Fig. 1 ). For the same I p = 2.5 TW/cm 2 , one would find w mpi = 1.2 × 10 11 s −1 and w imp = 7.8 × 10 12 s −1 which are the rates on ionization of the photo-initiator molecules. Now, only n ph = 2 is required for ionization of ISO and THIO and the two-photon absorption rate is only slightly smaller than the avalanche. The doping efficiently provides seeding electrons for ionization of the rest of PDMS matrix and allows to control overall ionization and free radical generation rate.
The estimations presented above are based on the peak intensity I p = E p /τ p per pulse and the same values for τ p = 300 fs (setup No. 1) and τ p = 20 fs (setup No. 2) can be achieved at proportionally different pulse energies, E p . Small E p is beneficial for a precise control of the energy delivery and reduces chances of a run away breakdown. At the high repetition rate f r > 1 MHz, a thermal accumulation is important as we recently demonstrated [40] . The number of pulses overlapped per focal spot N p = 2w 0 /(v s / f r ) in the case of the highest throughput fabrication was N p 17 for the spot size 2w 0 = 1.22λ /NA, NA = 1.25, λ = 515 nm and scan velocity of v s = 6 mm/s. At the repetition rate f r = 75 MHz and short laser pulses of τ p = 20 fs just a fs-oscillator is required to fabricate at the required irradiance and scanning velocities can be large making this a practical solution for applications. Indeed, for the same wavelength and focusing conditions, only E p = 0.1 nJ is required for I p 2.5 TW/cm 2 . When thermal accumulation is present, i.e., a temperature diffusion time over the spot size, 2w 0 , is larger than the temporal separation between pulses, 1/ f r , at typically f r ≥ 0.5 MHz in glasses and polymers [40] , the thermally driven polymerization becomes possible. However, energy delivery should be very precisely controlled to avoid a thermal run away breakdown of an inherently exothermic polymerization reaction.
In order to increase the fabrication throughput, dry objective lenses should be used since approximately at v s > 1 mm/s strong vibrations are introduced when immersion oil is mediating the objective lens contact with sample; this might be one of the reasons of the lower quality structures at the high velocities as recognizable in Fig. 7 . High repetition fs-oscillators with short pulse duration of τ p = 20 fs can prove beneficial to further improve the demonstrated throughput values. Since short fs-pulses are sensitive to chirp in dispersive media, the ionization rate at the focus can be additionally controlled by controlling the chirp of the pulse [43] . Also, a spatial chirp -the pulse front tilt -can be used to control polymerization as it was demonstrated for the dielectric breakdown [44] . Combination of linear stage scan together with galvano scan in opposite directions would sum up the scanning velocities. The current state-of-the-art hardware typically used in fs-laser fabrication can deliver 10 cm/s speeds of the irradiation point on the samples's surface. This technique can become attractive for medical applications, e.g., fabrication of complex 3D networks of blood vessels [12, 45] . By combination of linear and galvano scanners, it is possible to reach 720 µm 3 /s throughput using laser setup No. 1 with NA ∼ 1.25 focusing. Hence, a high spatial resolution of structuring and almost 300 × higher throughput is achieved as compared to the current state-of-the-art in laser structuring of PDMS.
Conclusion
We have shown direct laser writing of 2D and 3D structures in PDMS elastomer with throughput of ∼ 720 µm 3 /s which is larger than that (∼ 12 µm 3 /s) reported previously [9, 10] . Structuring with visible 515 nm wavelength, 300 fs pulses at 200 kHz and NA = 1.25 focusing, the achieved throughput was ∼ 720 µm 3 /s while at the near-IR wavelength of 800 nm, 20 fs, 75 MHz and NA = 1.4 the throughput was ∼ 20 µm 3 /s.
Photo-initiators ISO and THIO at 0.2-1% wt were required for the high fidelity fabrication in viscous liquid PDMS photo-polymer. These photo-initiators are not toxic and fabricated structures can be used for cell cultures [46] . The 3D sculpturing at similar sample translation velocities with comparable average laser power were used in pure PDMS and with 0.2% wt THIO. Combination of stage and galvano-scanners allowed to achieve ∼ 6 mm/s fabrication velocities and is promising for the high-throughput applications such as fabrication of bioscaffolds. Apparently, use of scanners was beneficial to create smoother surfaces of fabricated structures.
Laser structuring employing avalanche ionization and thermal polymerization opens opportunity to create 3D structures out of pure biocompatible materials with 0% of photo-initiator. This does not change biological nor optical properties of materials already widely used in bioand medical industries and mitigates aging problems related to dye-doping of polymers. Direct 3D sculpturing for the maskless manufacturing of molds used in soft-lithography or for the 3D components in microfluidic and optofluidic applications.
